We observed multiple pathways of stretching single-stranded polydeoxynucleotides, poly(dA). Poly(dA) has been shown to undergo unique transitions under mechanical force, and such transitions were attributed to the stacking characteristics of poly(dA). Using single-molecule manipulation studies, we found that poly(dA) has two stretching pathways at high forces. The previously observed pathway has a free energy that is less than what is expected of single-stranded DNA with a random sequence, indicating the existence of a novel conformation of poly(dA) at large extensions. We also observed stepwise transitions between the two pathways by pulling the molecule with constant force, and found that the transitions are cooperative. These results suggest that the unique mechanical property of poly(dA) may play an important role in biological processes such as gene expression. DOI: 10.1103/PhysRevLett.105.218104 PACS numbers: 87.14.gk, 87.64.Dz, 87.15.La Single-stranded DNA (ssDNA) plays an important role during many of the biological processes such as transcription [1], replication [2] , and DNA repair [3] , and deregulation of these processes is critical to the development of human cancer [4] . The flexibility of ssDNA facilitates DNA-ligand recognition, a key step in transcription regulation. Furthermore, the stretched form of ssDNA may be important in determining the energetics of DNA recombination [5] . Different secondary structures of ssDNA also indicate different binding affinities [6, 7] and thus drew substantial attention [8] [9] [10] [11] . However, unlike doublestranded DNA (dsDNA), whose secondary structures of force dependence and dynamics have been extensively studied [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , the structure and dynamics of ssDNA is less understood. In some cases, when ssDNA is confined in a nanopore [25] and under force, it adopts a different secondary structure [26] . Moreover, the conformation and dynamics of ssDNA may be similar to that of RNA, which is important in areas such as viral genome packaging [27] . Recently, the force curves of poly(dA) and poly(A) have shown distinct plateaus in overstretching transitions [8] , indicating diverse secondary structures at large extensions. However, the nature of the unique transition is still unknown. It was originally speculated that it may be from transition between sugar pucker conformations, though the hypothesis cannot be explained by the known ground state conformation of poly(dA). Here we describe our finding that poly(dA) stretching has two pathways under high forces. One pathway is similar to that of ssDNA with a random sequence, whereas the other pathway has an additional transition that is energetically favored. We also observed stepwise transitions between these two pathways when we stretched them under constant force, and have characterized the kinetic behavior and quantified the energy barrier between these pathways. The results suggest that poly(dA) has a novel conformation when highly stretched, and such conformation makes poly(dA) more stable at large extensions.
Single-stranded DNA (ssDNA) plays an important role during many of the biological processes such as transcription [1] , replication [2] , and DNA repair [3] , and deregulation of these processes is critical to the development of human cancer [4] . The flexibility of ssDNA facilitates DNA-ligand recognition, a key step in transcription regulation. Furthermore, the stretched form of ssDNA may be important in determining the energetics of DNA recombination [5] . Different secondary structures of ssDNA also indicate different binding affinities [6, 7] and thus drew substantial attention [8] [9] [10] [11] . However, unlike doublestranded DNA (dsDNA), whose secondary structures of force dependence and dynamics have been extensively studied [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , the structure and dynamics of ssDNA is less understood. In some cases, when ssDNA is confined in a nanopore [25] and under force, it adopts a different secondary structure [26] . Moreover, the conformation and dynamics of ssDNA may be similar to that of RNA, which is important in areas such as viral genome packaging [27] . Recently, the force curves of poly(dA) and poly(A) have shown distinct plateaus in overstretching transitions [8] , indicating diverse secondary structures at large extensions. However, the nature of the unique transition is still unknown. It was originally speculated that it may be from transition between sugar pucker conformations, though the hypothesis cannot be explained by the known ground state conformation of poly(dA). Here we describe our finding that poly(dA) stretching has two pathways under high forces. One pathway is similar to that of ssDNA with a random sequence, whereas the other pathway has an additional transition that is energetically favored. We also observed stepwise transitions between these two pathways when we stretched them under constant force, and have characterized the kinetic behavior and quantified the energy barrier between these pathways. The results suggest that poly(dA) has a novel conformation when highly stretched, and such conformation makes poly(dA) more stable at large extensions.
We performed single-molecule measurements of stretching and relaxation of poly(dA) in fluids at room temperature using an atomic force microscope (AFM). 60 l solution containing 10 g=ml single-stranded poly(dA) (Sigma) prepared in Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8) with 150 mM NaCl was allowed to absorb onto a freshly exposed gold substrate surface. The sample was incubated for 3 to 5 hours and then rinsed with Tris-EDTA buffer solution to remove unbound poly(dA). The spring constant of the cantilever (MLCT Veeco Probes), determined using the equipartition theorem [28, 29] , was 0:03-0:05 N=m. We performed repeated stretching and relaxation cycles and recorded the force as a function of time at a sampling rate of 10 kHz. A waiting time of 60 seconds between stretching and relaxation was used to allow poly(dA) to equilibrate before relaxation unless otherwise specified.
We first stretched poly(dA) at constant velocities, ranging from 40 nm=s to 2000 nm=s, followed by a waiting period of 10 to 70 seconds when the position of the cantilever level was held constant, and the molecule was subsequently relaxed to its original state at the same velocity as the stretching cycle [ Fig. 1(a) ]. We observed two pathways at forces higher than 110 pN. In the low-energy pathway L, the force-extension curve has plateaus at 23 pN and 114 pN, consistent with the curves observed in Ref. [8] . The force-extension curves were normalized such that at 600 pN, the distance between adjacent bases is 0.7 nm [8] . In addition to pathway L, we observed another pathway, which requires higher free energy, and is denoted as pathway H. Pathway H has the same plateau at 23 pN but lacks a well-defined second plateau at 110 pN. At high pulling velocity, stretching typically follows pathway H, with occasional sudden transitions from
week ending 19 NOVEMBER 2010 pathways H to L [ Fig. 1(b) ]. On the other hand, the relaxation curves often show hysteresis, which depends on the length of the waiting time between stretching and relaxation. A waiting time of 60 seconds usually results in the relaxation curve following pathway L, whereas a shorter waiting time typically results in curves that deviate toward pathway H. At low pulling velocities, stretching and relaxation curves both follow pathway L.
To estimate the free energy difference between pathways H and L, we calculated the area enclosed by the two pathways (area 1 in Fig. 2 ), and obtained a free energy difference of 1:2 kcal=mol at a separation of 0.7 nm per base. Pathway H is similar to other ssDNA forceextension curves commonly observed, such as -phage ssDNA [5] and poly(dT) [8] . This indicated that molecules following pathway H are random coils, whereas molecules following pathway L have additional interactions between bases, perhaps by forming a loosely stacked structure. The structure is likely to have higher bending and stretch modulus compared to the random coil conformation [30] . The area under the second plateau of pathway L (area 2) is 0:9 kcal=mol, which is consistent with theoretical calculations [30] .
The observation of multiple pathways of poly(dA) stretching is surprising. The unique pathway L, which is not present in ssDNA of other sequences, is more stable than a random coil ssDNA (pathway H). This phenomenon suggested that poly(dA) has a unique structure when highly stretched, specifically at a per base distance of 0.6 nm or higher, and the structure stabilizes at 0.7 nm, a distance where the ssDNA is nearly fully stretched. The results suggest that poly(dA) started from a stacked state I, and transitioned to a different stacked state II beginning at 0.34 nm. When stretched beyond 0.6 nm, ploy(dA) may follow (i) pathway H and become a random coil (ensemble C), or (ii) pathway L and become state III, probably weakly stacked. The order parameter is stacking, whereby the neighboring base interaction lowers the free energy of that conformation. For comparison, we fitted the wormlike-chain (WLC) model [12] to poly(dT) and pathways H and L of poly(dA). The fitted WLC parameters for pathway H and poly(dT) are nearly identical. On the other hand, the persistence lengths for poly(dT) and poly(dA) are 0.2 nm and 1.2 nm (uncertainty 0.1 nm), respectively, whereas their contour lengths are similar (0.79 nm and 0.73 nm). The result suggests that the A base interaction also increases the stiffness of poly(dA), resulting in a larger persistence length.
The highly stretched conformation of poly(dA) state II is stable at 0.6 nm, an extension about 75% larger than B-DNA (Fig. 3) . This is similar to the S-DNA, a highly stretched form of dsDNA, or P-DNA, where the bases are exposed [31] . In addition, the transition point where the two pathways of poly(dA) start to deviate (0.6 nm) coincides with the onset of S-DNA to ssDNA transition [5, [32] [33] [34] . This suggests that a similar configuration that heightened the B-S transition in dsDNA may also be responsible for the unusual poly(dA) transition. The existence of pathway H is facilitated by kinetic trap near 0.6 nm. The force-extension curves of pathway H overlap well with poly(dT) and -phage ssDNA, with the exception of the kink at 0.6 nm, where poly(dA) transitions from stacked state II to random coil C. However, -phage and poly(dT) are unstacked; they start as random coils and stretching does not result in phase transition. We noticed that a higher pulling velocity usually results in the trajectory following pathway H. More than 90% of the 46 curves pulled at 2000 nm=s follow pathway H, compared to only 10% of the 45 curves at 40 nm=s. The existence of the kinetic barrier indicates that pathway H is metastable.
To further quantify the kinetic barriers of transition from pathways H to L, we performed constant force experiments [35, 36] of poly(dA) under high forces. Single poly(dA) was first stretched at constant velocity until the force reached the desired force, ranging between 50 and 600 pN, and the feedback loop was turned on to maintain constant force while the end-to-end distance was recorded as a function of time [ Fig. 4(a) ]. Figure 4(b) shows representative trajectories of constant force time traces. We observed stepwise transitions from pathways H to L. The length of poly(dA) increases with time, which indicates a segment of poly(dA) hopped from pathways H to L. This implies that the transition from random coil to the unique poly(dA) pathway L is cooperative. The segment length, calculated from the step size, ranges from a few hundred to a few thousand bases. Reverse transitions from pathway L back to pathway H have occasionally been observed [inset in Fig. 4(b) ].
To obtain the reaction rate constant for the transition from pathways H to L, we averaged the time traces of a given force [37] , as shown in Fig. 4(c) . Since this is a unimolecular reaction, we assumed a first order transition and fit the averaged time trace to
where x is the fraction of bases in pathway L, kðFÞ is the rate constant at fixed force F, and t is time. To estimate the free-energy barrier to hopping, we used the Arrhenius equation
where ÁGðFÞ is the energy barrier from pathways H to L, k B is the Boltzmann constant, T is temperature, and A is the preexponential factor. Figure 4 (c) shows the trace averages of the extension curves under different forces. The transition rate from pathways H to L increases with force. The metastable pathway H is stable over several seconds even at a force higher than 600 pN. The average extension curves are normalized so that the y axis represents the fraction of bases in pathway L. Inset in Fig. 4(c) shows the force dependence on transition rate, where the error was calculated by the bootstrap method. Assuming A % 10 5 s À1 [38, 39] , we determined that the force dependent energy barrier ranges from 8:6 kcal=mol to 7:5 kcal=mol. The unique conformational transition of poly(dA) is consistent with many of the exceptional mechanical properties, resulting from its distinctive segments of repeated A bases called poly(dA) tract. For example, poly(dA) tract regions of DNA are bent and have a reduced helical repeat, which is important in a variety of biological processes such as gene regulation [40] . In addition, the polyA tail, a stretch of A bases in RNA, plays an important role in mRNA stability [41] . Therefore, the unique property of single-stranded A-rich nucleic acids is thought to be a potential drug target for cancer therapy by blocking these sites for gene expression [42, 43] . Single-molecule force measurement provides a way to quantify the elastic properties of these segments, and may ultimately be developed into a tool for drug screening.
In summary, we directly observed two stretching pathways in poly(dA). The elasticity of the high-energy pathway H suggested that the metastable pathway at large extension is a random coil. The low-energy pathway L of poly(dA) may be a novel DNA conformation [44] that contains strong interaction between the adjacent A bases. We have also observed cooperative transitions from highto low-energy pathways using constant force experiments, and estimated the free energy difference between the two pathways. The low-energy pathway L suggests a poly(dA) conformation that may be an important intermediate during many of the biological processes.
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